The chemistry of hexenuronic acid in pulping and bleaching hexenuronic acid generation and its selective hydrolysis from kraft pulp, 1998 by Hagos, Asmerom M. (Author) & Rodriguez, Augusto (Degree supervisor)
THE CHEMISTRY OF HEXENURONIC ACID IN 
PULPING AND BLEACHING 
HEXENURONIC ACID GENERATION AND ITS SELECTIVE HYDROLYSIS 
FROM KRAFT PULP 
A THESIS 
SUBMITTED TO THE FACULTY OF CLARK ATLANTA UNIVERSITY IN 
PARTIAL FULFILLMENT OF THE REQUIRMENTS FOR 
THE DEGREE OF MASTER OF SCIENCE 
BY 
ASMEROM M. HAGOS 
DEPARTMENT OF CHEMISTRY 
ATLANTA, GEORGIA 
JULY 1998 
R V'LV. T £>5 
©1998 
ASMEROM M. HAGOS 
All Rights Reserved 
ABSTRACT 
CHEMISTRY 
HAGOS, ASMEROM M. B.S. UNIVERSITY OF ASMARA, 1993 
THE CHEMISTRY OF HEXENURONIC ACID IN PULPING AND BLEACHING 
HEXENURONIC ACID GENERATION AND ITS SELECTIVE HYDROLYSIS 
FROM KRAFT PULP 
Advisors: Dr. Augusto Rodriguez 
Dr. Arthur Ragauskas 
Thesis dated July 1998 
Currently, the pulping and bleaching industries have developed significant interest 
in the minimization of chemical bleaching costs. Our interest on this project stems from 
this reality. During the kraft delignification process 4-O-methyl-D-glucuronic acid-D- 
xylan forms hexenuronic acid by base catalyzed P-elimination of the methoxy group. 
Hexenuronic acids consume bleaching agents and cause an apparent increase of the 
kappa number of the pulp. This research was directed at developing a more flexible 
method of removing hexenuronic acids without affecting the pulp considerably. This 
method is based on mild acid hydrolysis which selectively removes hexenuronic acids 
from kraft pulps. The effect of temperature on the formation of hexenuronic acids was 
also studied. Moreover, oxygen delignification of kraft pulp is observed to have no 
effect on the amount of hexenuronic acids. 
ACKNOWLEDGEMENTS 
I would like to thank my advisor Professor Augusto Rodriguez for giving me the 
opportunity to do my research in the Institute of Paper Science and Technology (IPST), 
where I learned a lot from research and staff members there. He has given me moral 
and financial support through the forest products grant. I would like to thank my 
co-advisor Professor Arthur Ragauskas for his friendly and intellectual support, and 
through him I would like to thank the members of the Chemistry group in IPST. I would 
also like to thank Dr. Cass Parker for his all around support in the past two years. I 
would like to express my sincere gratitude to Ms. Pauline Pugh who is always willing to 
help whenever she can. I also extend my gratitude to Mr. Kifleab Gebreab who 
supported me morally to succeed in my studies. I would like to thank my friends and 
especially Natnael Berhe for helping me in writing and editing my manuscript. I would 
like to thank the Eritrean Church members and family for their prayers. Above all, I 
would like to thank God Almighty for being with me at all times. 
11 
TABLE OF CONTENTS 
ACKNOWLEDGMENTS  ii 
LIST OF FIGURES  v 
LIST OF TABLES  vi 
LIST OF SCHEMES  vii 
Chapter 
1. INTRODUCTION  1 
2. LITERATURE REVIEW  2 
2.1. Chemistry of wood and its components  2 
2.1.1. Cellulose  2 
2.1.2. Hemicellulose  3 
2.1.3. Nature and Sources of Uronic Acid  5 
2.1.4. Significance of Uronic Acid Group  5 
2.1.5. Lignin  6 
2.1.6. Linkages Between Lignin and Carbohydrates  8 
2.2. Softwoods and Hardwoods  8 
2.3. Chemical Pulping  9 
2.3.1. Sulfate Process-Kraft Pulping  9 
2.3.2. Cooking Chemicals and Equilibria  10 
iii 
2.4. Pulp Bleaching  12 
2.4.1. Lignin Removing Bleaching  12 
2.5. The Formation of Hexenuronic Acid  13 
2.6. Effects of Pulping and Bleaching on Pulp Carbohydrates  17 
2.6.1. Permanganate Consumption by Hexenuronic Acid Groups... 18 
2.6.2. Hexenuronic Acid Content  19 
2.6.3. Acidic Degradation Products of Hexenuronic Acid  19 
3. EXPERIMENTAL  21 
4. RESULTS AND DISCUSSION  25 
5. CONCLUSION  51 
6. REFERENCES  53 
IV 
LIST OF FIGURES 
2.1 Structure of glucuronic acid  4 
2.2 The basic structural unit of lignin  6 
2.3 Some common linkages between lignin molecules  7 
2.4 Examples of linkage between lignin and hemicellulose  8 
2.5 Equilibrium diagram showing the composition of the kraft 
white liquor at different pH values  12 
2.6 Correlation between removal of hexenuronic acid and k-number 
of unbleached kraft pulp  18 
4.1 Determination of hexenuronic acid (kappa number method)  29 
4.2 The effect of MgS04 on hexenuronic acid formation  34 
4.3 The effect of hydrolysis temperature on the pulp (1 hour)  36 
4.4 The effect of hydrolysis temperature on the pulp (2 hour)  37 
4.5 Mild hydrolysis of hardwood kraft pulp (at 70°C)  39 
4.6 Mild hydrolysis of hardwood kraft pulp (at 80°C)  39 
4.7 The concentration of furoic acid (1 hour hydrolysis)  41 
4.8 The concentration of furoic acid (1 hour hydrolysis)  45 
4.9 The.effect of mild acid hydrolysis followed 02 delignification  46 
4.10 The.effect of 02 delignification followed mild acid hydrolysis  47 
V 
LIST OF TABLES 
4.1 Kappa number comparison between birch xylan and Gx  25 
4.2 Methanol content of GX (PPM)  26 
4.3 Determination of hexenuronic acid  27 
4.4 Determination of the amount of hexenuronic acid (in kappa number)  28 
4.5 The effect of MgS04 on hexenuronic acid formation  33 
4.6 Kappa number of the kraft pulp after one hour of hydrolysis  35 
4.7 Kappa number of the kraft pulp after two hour of hydrolysis  37 
4.8 The concentration of furoic acid (1 hour hydrolysis)  40 
4.9 The viscosity of the kraft pulp after mild hydrolysis (1 hour)  42 
4.10 The viscosity of the kraft pulp after mild hydrolysis (2 hour)  43 
4.11 The concentration of furoic acid (2 hour hydrolysis)  44 
4.12 The metal content of the kraft pulp  48 
4.13 Carbohydrate content of the liquor (mg/1)  49 
VI 
LIST OF SCHEMES 
2.1 Méthylation and hydrolysis of cellulose  3 
2.2 The formation of 3-buten-2-one  14 
2.3 Hexenuronic acid formation  15 
2.4 (3 elimination of methoxy group  16 




The purpose of all pulping processes is to separate the fibers in wood while 
retaining, as much as possible, their form and strength. This can be achieved either by 
mechanical processes or by chemical processes that dissolve the lignin that bonds the 
fibers together. In each case care must be taken to choose chemicals and reaction 
conditions which do not degrade the cellulose, the fibers, or remove other 
polysaccharides which may be desirable to retain. The choice of a particular process 
depends upon the type of wood and the purpose for which the pulp is to be used. A 
number of chemical processes are in use, all of which achieve defibration by dissolving 
the lignin that binds the fibers together. One of the most important constituents of 
hardwoods is 4-O-methyl-D-Glucurono-D- xylan. During the pulping process of 
hardwoods in alkali media, the methoxy group is removed resulting in hexenuronic acid 
xylan. Hexenuronic acid competes with lignin for the bleaching agents due to the very 




2.1. CHEMISTRY OF WOOD AND ITS COMPONENTS 
2.1.1. Cellulose: cellulose constitutes 40 to 50 percent of wood by weight. In view of the 
inertness and insolubility of cellulose, it is clear that the molecule is a very large one. 
When cellulose is completely hydrolyzed by acids, it gives rise to glucose according to 
Reaction 1. 
(C6HI0O5)n + 11H2O —> nCôHnOé 1 





If cellulose is methylated, it forms a trimethyl ether, which may be hydrolyzed in the 





Scheme 2.1 : Méthylation and hydrolysis of cellulose 
2.1.2. Hemicellulose: Like cellulose, hemicelluloses are polymeric materials consisting 
of long chains of sugar residues, but differ from cellulose in several important respects.1'2 
1. Whereas cellulose is made up entirely of glucose units, the hemicellulose 
molecules contain a number of different sugars, including both hexoses (eg.glucose, 
mannose, galactose) and pentoses (xylose, arabinose). 
2. The molecular chains are much shorter than cellulose. 
3. Hemicelluloses are branched. 
4. The union of the individual sugar residues is not always through 1-4 positions, as it is 
in cellulose. 
5. Finally, the hemicelluloses contain other groups that are not present in cellulose 
(particularly uronic acid). Uronic acids are carbohydrates in which the primary 




Figure 2.1 Structure of glucuronic acid 
Because of the differences in the chemical constitution, some of the properties of 
hemicelluloses differ from those of celluloses. In particular, since the molecular chains 
of hemicelluloses are shorter and less regular than those of cellulose, and are often 
branched, they do not readily pack in regular parallel bundles. Consequently, 
hemicelluloses do not possess marked fiber forming properties. Further more, they are 
less resistant than cellulose to the action of chemicals. They are, relatively speaking, 
readily hydrolyzed by acids to their constituent sugars, and a large proportion of the 
hemicelluloses in wood may be extracted by means of alkalis. The individual 
hemicelluloses are named according to the sugar units of which they are built up, and to 
which they are degraded by acid hydrolysis. Thus, we have xylan (xylose units), mannan 
(mannose units), arabinogalactan (arabinose and galactose units), etc. Acidic xylans are 
particularly abundant in the hardwoods, and glucomannans in the softwoods. 
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Alpha-cellulose is the amount of insoluble residue that remains when crude 
cellulose preparations are treated with strong alkali under prescribed conditions. Alpha- 
cellulose is not identical with pure cellulose because it contains a small proportion of 
resistant hemicelluloses that are not dissolved by alkali. 
Holocellulose defines the total polysaccharides present in wood or other materials, 
including cellulose and hemicellulose.3 Holocellulose is prepared by methods designed 
to remove lignin with little loss of carbohydrates.4,5,6 
2.13. Nature and Sources of Uronic Acid 
Of the total content of wood, uronic acid units (uronic anhydride) make up about 
4-5%.7 The only uronic acids commonly occurring in wood are glucuronic acid (usually 
as a mono methyl ether) and galacturonic acid. The characteristic acid component of 
wood hemicellulose is 4-O-methyl-D-glucuronic acid. 
2.1.4. Significance of Uronic Acid Groups 
In kraft pulp, the uronic acid content is much lower than in the original wood. In 
the glucuronoxylan remaining in the pulp it corresponds to a molar ratio of roughly 1:25 
o 
glucuronic acid to xylose; whereas this ratio for native hardwood is 1:10. Since xylan is 
not evenly substituted by the uronic acid groups, it is probable that the fractions of high 
uronic acid content are preferably dissolved, resulting in the lower uronic acid content of 
the pulp. The second reason for the decrease in uronic acid content is the cleavage of 
these groups from the xylan chain, since the pyranosyluronic acid linkages are more 
sensitive to alkaline hydrolysis than are corresponding glycosyl linkages. 
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2.1.5. Lignin 
Lignin is the third major component of the wood cell wall and is the characteristic 
constituent that distinguishes woody, or lignified plants, from nonwoody plants. Lignin, 
like cellulose, is a polymeric material, but it is a polymer of a different type. The basic 
structural unit of the lignin molecule is the Phenyl propane nucleus; that is, it is an 
aromatic ring with a three carbon side chain.9,10 
Figure2.2 The basic structural unit of lignin 
Phillips11 was the first to isolate a phenylpropane derivative from the degradation 
products of lignin. This compound was obtained by subjecting alkali corncob lignin to 
destructive distilation11 under reduced pressure. Later, a large number of various 
phenylpropane derivatives were isolated using improved seperatin techniques. 
Figure 2.3 Some common linkages between lignin molecules 
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2.1.6. Linkages Between Lignin and Carbohydrates 
Many studies have indicated that covalent linkages must exist between lignin and 
wood polysaccharides.12 Various experiments have led to the conclusion that 
hemicellulose components are bound to lignin mainly through arabinose, xylose, and 













Man — Man—Glc— Ma 
I 
Gal 
Examples of linkages between lignin and hemicellubses 
Figure 2,4 Examples of linkage between lignin and hemicellulose 
2.2. Softwoods and Hardwoods 
Although the composition in either the softwood or the hardwood classes shows 
considerable variation among species, certain characteristic differences help to 
differentiate the softwoods as a group from the hardwoods.13 
The extractives soluble in organic solvents are consistently higher in the softwoods. 
The resin acids constitute a significant fraction in the softwood, whereas in hardwoods, 
their presence has not been shown or are minor constituents. There is a considerable 
difference in their carbohydrate portion. The most striking difference is in their mannan 
and xylan fractions. The xylan content of hardwoods is from 12 to 20% or even higher, 
whereas in softwoods the xylan content rarely exceeds 10%. On the other hand, the 
mannan content of softwoods is in the range of 10 to 15%, but it rarely exceeds from 2 to 
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3% in hardwoods. The lignin content also shows a considerable difference. In 
softwoods, the lignin content varies from about 23 to 33%, but it rarely exceeds 25% in 
hardwoods. 
2.3. Chemical Pulping 
A number of chemical processes are in use, all of which achieve defibration by 
dissolving the lignin that binds the fibers together. The greater part of the lignin, 
together with some of the hemicelluloses, is removed, and pulp yields ranging from 
about 45- 60 % are obtained. Because of superior selectivity, the kraft process has 
almost completely replaced the old soda process resulting in a higher pulp quality. Kraft 
pulping gives a simpler recovery of chemicals and higher fiber strength than that of the 
sulfite process. The introduction of effective bleaching agents, especially chlorine 
dioxide, has eliminated the difficulties in bleaching kraft pulps to a higher brightness, 
and prehydrolysis of wood has made it possible to produce high-grade pulps by the kraft 
process. 
2.3.1. Sulfate Process - Kraft Pulping 
Invented in 1853, the soda process in which the wood chips were delignified by 
cooking with a solution of sodium hydroxide was the earliest chemical process for 
pulping wood. However, this produces a weak soft pulp and is now seldom used. 
Although sulfates play no active part in the pulping reactions, the process became known 
as the sulfate process because Na2SC>4 is added in the recovery system.14 Sulfate pulps, 
particularly those possessing high strength and a dark color, are often referred as kraft 
pulps. The sulfate process is thus an alkaline process, and it differs from the acidic 
sulfite processes in its effects on the wood components. It can be applied to all species of 
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wood. The phenolic components, which inhibit the sulfite pulping of certain woods, 
dissolve in alkaline sulfate liquor as sodium salts and don't interfere with delignification 
reactions. 
2.3.2. Cooking Chemicals and Equilibria 
Kraft pulping is performed with a solution composed of sodium hydroxide and 
sodium sulfide, named “white liquor” . According to the terminology, the following 
definitions are used, where all the chemicals are calculated as sodium equivalents and 
expressed as weight of NaOH or Na2Û. 
Total alkali = all sodium salts 
Titratable alkali = NaOH + Na2S + Na2CC>3 
Active alkali = NaOH + Na2S 
Effective alkali = NaOH + 1/2 Na2S 
Causticizing efficiency = 100 NaOH/ (NaOH + Na2CC>3) % 
Sulfidity = 100 Na2S /(NaOH + Na2S ) % 
As in the soda process, the kraft process contains about 10-12% sodium carbonate, 
in addition to sodium hydroxide and sodium sulfide, based on the total chemicals used. 
This is primarily dependent upon the efficiency of the causticizing operation during the 
chemical recovery. The cooking cycle in the sulfate process requires about 3 to 4 hours, 
using 14-18% active alkali, 20-30% sulfidity, and heating for 90-120 minutes at about 
170°C. 
The increase of temperature and alkali concentration results in an increase in the 
rate of delignification; however, above certain levels pulp yield and strength are 
adversely affected. At temperatures above 180°C, for example, the degradation of wood 
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polysaccharides is accelerated, which would result in loss of pulp strength and yield. 
This is because, the alkaline delignification becomes less specific at high temperatures. 
Similarly, the effect of excess alkali is crucial, especially towards the end of the cook. At 
this stage, the major portion of lignin is already removed, and degradation and loss of 
carbohydrates proceeds at a faster rate.15,16 
The hardwoods are pulped more easily, require less active alkali but about the same 
sulfidity, and produce higher yields of pulp that contain less lignin than coniferous 
woods by the kraft process.17,18 Hardwoods contain 20-30% less lignin than coniferous 
woods, which accounts for their ease in delignification of these species. Furthermore, 
hardwood lignin has lower molecular weight. The following equilbria are involved in 
the aqueous solution containing sodium sulfide and sodium hydroxide. 
S2' + H20 =HS' + OH‘ 3 
HS' + H20 - H2S +OH' 4 
The equilibrium constants for these reactions are 
K, = [HS ] [OH’] / [S2'] 5 
K2 - [H2S] [OH ] /[HS 6 
Since Ki ~ 10 and K2 ~10'
7 the equilibrium in Equation 3 strongly favors the presence of 
hydrosulfide ions, and for all practical purposes, sulfide ions can be considered to be 
negligible at low pH.19 
Figure 2.5 Equilibrium diagram showing the composition of the kraft white liquor at 
different pH values. 
2.4. Pulp Bleaching 
The light absorption (color) of pulps is mainly associated with its lignin component. 
To reach acceptable brightness level, the residual lignin should either be removed from 
the pulp or be freed from strong light absorbing groups (chromophores). Accordingly, 
there are two alternatives: lignin removing bleaching and lignin preserving bleaching. 
Lignin removing bleaching is used most often and will be discussed briefly. 
2.4.1. Lignin Removing Bleaching 
Lignin can be removed from the pulp much more selectively by bleaching than by 
cooking. Unfortunately, bleaching chemicals are expensive and the elimination of the 
water-polluting wastes leads to greater cost. Although the consumption of bleaching 
chemicals is roughly proportional to the content of residual lignin, the relative ease to a 
given brightness level (bleacheability) is influenced by a number of factors such as 
structure and accessibility of the residual lignin and its distribution across the cell wall. 
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2.5. The Formation of Hexenuronic Acid 
The 4-O-methyl-D-glucuronoxylans which constitute the main hemicellulose 
component of hardwoods are members of the xylan family of polysaccharides, 
representatives of which are found in softwoods, grasses, cereals, and straws. The 
chemical structure of these xylans is now well established ' ’ and it is clear that almost 
all land plant xylans studied so far are based on a linear or branched chain of 1,4-linked 
p-D-xylopyranose units, substituted, in all but two cases,23'24 with side groups of L- 
arabinofuranose, D-glucuronic acid, or 4-0-methyl-D-glucuronic acid. Every wood 
xylan so far examined contains 4-0-methyl-D-glucuronic acid residues and with a few 
exceptions25 26 27 the basic chain of anhydroxylose residues is linear. The hardwood 
xylans are simpler and rate typified by the hemicellulose of white birch and poplar in 
which the chain of 1,4 linked anhydroxylose residues carries a 4-0-methyl-D- 
9R 90 
glucuronosyl residue for, on the average, every 10 or 11 xylose units. ' 
During alkaline process for the preparation of cellulose fibers from woods a large 
proportion of hemicellulose is dissolved and at the temperatures commonly employed for 
the preparation of wood pulps (140°C - 180°C) considerable degradation of these 
dissolved polysaccharides takes place. The behavior of the xylans in hot alkaline solution 
is of particular interest because there is evidence that some of the modified xylans 
produced can be irreversibly adsorbed on to the pulp fibers. 
The removal of the 4-O-methyl groups was not noted until the 1960’s. The removal 
of an alkoxy anion can take place under alkaline conditions when there is an easily 
removable proton on the carbon atom alpha to the carbonyl group; for example the action 
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of alkali on the 4-ethoxy-2-butanone results in the formation of 3-buten-2-one (Scheme 
2.2). In the case of uronic acid xylan, the elimination of the 4-0- methyl group by this 
mechanism would be facilitated by the presence of a labile proton on C-5 of the 
glucuronic acid residue. The unionized carboxyl group is strongly electron attracting due 
to the mesomeric (-M) effect of the carbonyl group, and the electronic shift illustrated (7) 
would indeed allow ready formation of the conjugate base (8). In strongly alkaline 
solution, however, the carboxyl group is ionized and an alternative source of electrons is 
provided for absorption by the doubly bound oxygen atom, the ultimate result being the 




H3C— C— C— CH2 —o—C2H5 
OH' 0 




Scheme 2.2 The formation of 3-buten-2-one 
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be very small. Nevertheless, under somewhat drastic conditions a very slight effect may 
be sufficient to allow removal of the proton at C-5, resulting in the formation of the 








Scheme 2.3. Hexenuronic acid Formation 
An appreciable portion of the uronic acid moieties are split off during a kraft cook by 
■JO • • • • 
reactions which are still obscure. Moreover, other methylated uronic acid moieties 
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formed54 in the pulp during the cooking have been identified as 4-O-methyl-L-iduronic 
acid. From an earlier model experiment which was done with 2-0-(4-0-methyl-(3 -D- 
glucopyranosyl acid)-D-xylitol35, an appreciable amount of 2-0-(4-0-methyl-P -L- 
iodopyranosyluronicacid)-D-xylitol was rapidly formed by epimerization and both 
epimers decomposed to give 2-0-(4-deoxy-P -L-threo-hex-4-enopyranosyluronic acid)- 
D-xylitol and xylitol. 
Scheme 2.4 p elimination of methoxy group 
Most likely a reaction scheme analogous to that discussed above is also responsible 
for the removal of 4-O-methyl hexuronic acid moieties from xylan during kraft cook. 
Hence, déméthylation of the xylan should occur more rapidly than the loss of the uronic 
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acid groups. This situation was observed by Clayton37 in the study of the alkaline 
degradation of hardwood xylans. From the comparatively slower degradation rate, it 
must be concluded that 4-deoxy-L-threo-hex-4-enopyranosyluronic acid moieties are 
linked to the xylan present in kraft pulps. After acid hydrolysis of kraft pulps, large 
proportions of 4-O-methylglucuronic acid and appreciable proportions of 4-0- 
methyliduronic acid are present in the hydrolysate; whereas, no unsaturated uronic acids 
have been observed. A reasonable explanation is that the unsaturated uronic acid 
moieties are decomposed during the acid hydrolysis. 
2.6. Effects of Pulping and Bleaching on Pulp Carbohydrates 
As has been stated earlier, acetyl-4-O-methyl glucuronoxylan and arabino-4-0- 
methyl glucuronoxylan are important constituents of hardwoods and soft woods, 
respectively. During kraft pulping the structure of the hemicelluloses is extensively 
modified as a result of partial degradation of side groups in the high alkalinity and 
temperature of the cooking liquor. The chemical structure of the xylan is modified due to 
the conversion of methylglucuronic acids side groups to hexenuronic acid side groups. 
More than 30 years ago, Clayton proposed that the removal of 4-O-methyl-D-glucuronic 
acid (MeGlcA) during kraft pulping begins by (3-elimination of methanol. Johanson and 
Samuelson later verified that this reaction can occur in a model compound, 2-0-(4-0- 
methyl-a-D-glucopyranosyl acid)-D-xylitol from which a new acidic substituent, 4- 
deoxy-(3-L-threo-hex-4-eno pyranosyluronic acid (hexenuronic acid, HexA) was 
formed.3:> By using 13C NMR spectroscopy, Simkovic39 identified HexA in the xylan 
part of alkaline-degraded hollocellulose and cellulose samples from beech. Recently 
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using NMR spectroscopic data, HexA in polymer xylan samples was identified from 
pulping liquor, as well as in oligosaccharides, from kraft pulp xylan obtained by 
enzymatic hydrolysis with xylanase.40 The presence of HexA in kraft pulps has never 
been verified with conventional pulp analysis since 1996 because this analysis includes 
an acid hydrolysis step, known to degrade HexA.41 
2.6.1. Permanganate Consumption by Hexenuronic Acid Groups 
It is well known from general organic chemistry that permanganate reacts with 
carbon-carbon double bonds.45 Under the conditions of K-number determination the 
hexenuronoxylo-oligosaccharide consumes 2.5 equivalents of permanganate. In the pulp 
samples, there was a linear correlation between reductions in hexenuronic acid content 
and K-number (fig 2.6). 
Figure 2.6 Correlation between removal of hexenuronic acid and K-number of 
unbleached kraft pulp (o, mild washed pulp; ♦, laboratory washed pulp) 
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According to this correlation the contribution of 10meq/kg of hexenuronic acid to the K- 
number is 1.05 units. Thus, hexenuronic acid groups consume 2.1 equivalents of 
permanganate. 
2.6.2. Hexenuronic Acid Content 
The quantification of hexenuronic acid groups was based on the selective hydrolysis 
and quantification of the formed furan derivatives by UV spectroscopy. In the UV 
spectra two absorption maxima appeared at 245 and 285 nm, corresponding to 2-furoic 
acid and 5-carboxy-2-furaldehyde, respectively. The molar absorption coefficient at 
245nm was 8,700 with respect to the hexenuronic acid in the hexenuronoxylo- 
oligosacharides. This absorption coefficient was used in all further analysis of pulps. 
2.6,3 Acidic Degradation Products of Hexenuronic Acid 
The HXO fraction was hydrolyzed under acidic conditions (1M trifluoroacetic acid) 
and the hydrolysate was analyzed by 'H NMR spectroscopy without separation of the 
degradation products. Thus all the glycoside linkages had been hydrolyzed and the 
hexenuronic acid had been degraded as well.(Scheme 2 5) 
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Acid degradation of hexenuronic acid 
Scheme 2.5 Acidic degradation of hexenuronic acid 
CHAPTER 3 
EXPERIMENTAL 
Generation of Hexenuronic acid 
A mixture of 0.0561 g of 4-O-methyl-D glucurono-D-xylan and four ml of water 
were placed in a stainless steel pressure vessel (bomb). Five samples weren prepared in a 
similar manner. The pressure vessel was sealed, and shaken thoroughly. The samples 
were placed in an oven and the temperature adjusted to 170° C for one-half, one, one and 
half, two, and two and half hours. Finally, the sample content is measured in order to 
check whether evaporation or leakage has taken place or not. 
Aqueous sodium hydroxide of 1.6N, in a ratio of 100 ml solution to 1,4025g. of 
4-O-methyl-D-glucurono-D-xylan was used in all the experiments. The pressure vessel, 
which is used to hold the sample solution, is stainless steel. In each pressure vessel, 4 ml 
of the prepared sample is placed which is equivalent to 0.056 lg, of 4-O-methyl-D- 
glucurono-D-xylan. The pressure vessel was closed thightly to preserve the contents of 
the sample. The pressure vessel is placed in a thermostat and shaken constantly until the 
cooking time is finished. A series of experiments have been done at different 
temperatures and at different cooking times. After cooking, the sample is cooled to room 
temperature and placed in vials for further experimental process. 
21 
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Kappa Number Analysis 
The samples prepared as in the above are transferred to a 500-ml. beaker and the 
vials rinsed with enough water to insure the complete transfer of the content. The 
beaker containing the sample solution is placed in a thermostirrer adjusted to a constant 
temperature of 25° C. The solution was continuously stirred to insure a uniform 
distribution of heat. A 10 ml of 0.1 N standardized solution of potassium permanganate 
and 10 ml of 4 N sulfuric acid is pipetted out and placed in a 250 ml beaker. The 
temperature of this solution is also kept to be 25°C and added immediately to the 500 ml 
beaker that contained the sample resulting in a total volume of 100 ml. At the time of 
mixing, a stopwatch was started and at the end of exactly 10 minutes, the reaction is 
stopped by adding 2 ml of IN potassium iodide. Immediately the free iodine is titrated 
with 0.1 N sodium thiosulfate solution by adding starch solution, 0.2 %, as an indicator 
of the end of the reaction. The results are recorded and the concentration is determined. 
Calculation 
T1 T9 
The kappa number is calculated as follows 
K = p x f/w 
And p = ( b - a ) N/o.l 
Where: 
f = factor for correction to a 50 % permanganate consumption 
W = weight of 4-O-methyl-D-glucurono-D-xylan in the sample ( 0. 0561 g ) 
P = amount of 0.1 N permanganate actually consumed by sample in ml 
b = amount of thiosulfate consumed in the blank determination in ml 
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a = amount of thiosulfate consumed by the sample in ml 
N = normality of thiosulfate 
Mild Acid Hydrolysis and Delignification of the Pulp 
1. A sample of the Alabama hard wood kraft pulp was acquired and its consistency 
was measured. The consistency of the pulp was found to be 33%. The consistency level 
of the pulp suspension was adjusted to 3%. Two pulp samples of 15g dry weight at each 
pH levels of 6.5, 6.0, 5.5, 5.0, 4.0, 3.0, 2.0 and 1.0 were prepared and put in a heat sealed 
plastic bags. The pH was adjusted with IN H2SO4 . The pulp samples were put in a 
water bath adjusted to a temperature of 70 °, 80 °, and 90° C and removed after 1 and 2 
hours. Each pulp sample was then filtered and the effluent was preserved for 2- furoic 
acid content measurement. The pulp is washed and its kappa number is measured. 
Similarly, two pulp samples of 10g dry weight, at each pH levels of 6.5, 6.0, 5.5, 5.0, 4.0, 
3.0, 2.0, and 1.0, are prepared and put in a 1000ml round bottom flask. The pH was 
adjusted with IN H2SO4. The pulp samples are put in the round bottom flask, refluxed 
at a boiling temperature (roughly 100°C), and taken out after 1 and 2 hours. Each pulp 
sample is then filtered and the effluent is preserved for 2- furoic acid content 
measurement. The pulp is washed and its kappa number is measured. 
2. A sample of the Alabama hardwood Kraft pulp was acquired, air-dried, and its 
consistency measured. The consistency of the pulp was 90%. Two pulp samples of 
100g dry weight were taken. The consistency of the first sample was adjusted to 10% 
using 1% NaOH, oxygen delignified at 60 psi and 110°C for 1 hour. Then the pulp was 
filtered and washed thoroughly with distilled water preserving the affluent for 
carbohydrate analysis. The kappa number and viscosity of the pulp was measured (stage 
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1) and dried for further processing. The dried pulp was then acid hydrolyzed by 
adjusting its pH to 3.5 and its consistency to 3% using formic acid/ formate buffer for 20 
hours. The pulp sample was then filtered and the effluent was preserved for 2- furoic 
acid content determination . The pulp was washed and its kappa number and viscosity 
measured (stage 2). The above process is repeated for the second time giving stage 3 and 
stage 4. 
A second pulp sample was acid hydrolyzed by adjusting its pH to 3.5 and its 
consistency to 3% using formic acidJ formate buffer for 20 hours. The pulp sample was 
then filtered and the effluent was preserved for 2- furoic acid contentdetermination. The 
pulp was washed and its kappa number and viscosity measured (stage 1 A). The pulp was 
then O2 delignified under the same conditions as the first pulp and its kappa number and 
its viscosity measured(stage 2A). The dried pulp is then finally acid hydrolyzed for the 
second time and its kappa number and viscosity is measured (stage 3A). 
CHAPTER 4 
RESULTS AND DISCUSSIONS 
The volume of the sample solution is preserved during the cooking process. That is, 
there was no loss of sample content due to the leakage or evaporation, which might 
otherwise result in inconsistent data. 
The Birch xylan Vs 4-O-methvl-d-glucoronoxylan (Gx) 
At high temperature and alkaline conditions, 4-O-methyl-D-glucuronoxylan is 
observed to generate a double bond by p-elimination of the methoxide group. Birch 
Xylan free of the methoxide group on the P-carbon was used as a control to determine 
the effect of cooking 4-O-methyl-D-Glucoronoxylan at 170°C. Under alkaline condition 
and at different cooking time the following kappa values were obtained. This 
observation is further confirmed by the formation of methanol in the cooked solution of 
Table 4.1 Kappa number comparison between birch xylan and GX 
Time (min.) 30 60 90 120 
Birch xylan 43.9 45.2 48.7 57.50 
GX 70.7 76.8 75.2 77.6 
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4-0-methyl-D-Glucuronoxylan which is formed by (3-elimination of methanol. Since 
there is no methoxide group on the (3-carbon of birch xylan, the observed methanol 
content must come by (3-elimination of methoxide from GX. 
Table 4,2 Methanol content of GX(PPM) 
Time(min) 0 30 60 90 120 
Birch xylan 0 0 0 0 0 
GX 0 65.2 77.2 81.6 87.2 
The progress of the reaction towards the generation of hexenuronic acid can be 
determined by the consumption of the number of milli equivalents of potassium 
permanganate at different times and at different temperatures. 
As can be seen from the Table 4.3, the experimental data are so small that the 
reaction progress can not be easily followed. This is because the concentration of 4-0- 
methyl-D- glucurono-D-xylan is so small that it results in a small number of milli 
equivalents of potassium permanganate in the analysis procedure. Another way of 
representing the same data proved to be a better method. This is the kappa number 
method. This method has been used for years to determine the relative hardness, 
bleacheability, or degree of delignification of pulp. The kappa number is the volume (in 
milliliter ) of 0.1N KMnC>4 consumed by one gram of moisture free pulp. This method 
results in considerably larger values relative to the above method. 
Table-4.3 Determination of Hexenuronic acid 
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Time(min) Number of milliequivalents of KMnC>4 consumed 
155°C 160°C 165°C 170°C 175°C 
0 0 0 0 0 0 
5 0.1615 0.2165 0.2265 0.257 0.2355 
10 0.2 0.26 0.3075 0.327 0.351 
15 0.245 0.275 0.336 0.357 0.369 
20 0.246 0.327 0.3535 0.386 0.4107 
30 0.29 0.347 0.3675 0.398 0.4233 
40 0.312 0.3175 0.388 0.414 0.44 
50 0.35 0.35 0.415 0.43 0.455 
60 0.356 0.347 0.4225 0.429 0.458 
90 0.382 0.358 0.4375 0.421 0.4596 
120 0.378 0.361 0.45 0.432 0.46 
The data obtained by the two methods are tabulated in Table 4.3 and Table 4.4 and 
the kappa number versus time graph is shown for temperatures, 155°C, 160°C, 165°C, 
170°C, and 175°C. (Figure 4.1) 
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Tables 4.4 Determination of the amount of hexenuronic acid 
(in kappa number) 
Time/ min 155°C 160°C 165°C 170°C 175°C 
0 0 0 0 0 0 
5 26.74 35.3 38.23 43.98 39.96 
10 33.54 44.4 53.06 57.06 61.38 
15 41.66 47.16 58.4 62.68 64.79 
20 41.83 55.85 61.69 68.39 72.92 
30 49.9 60.56 64.39 70.66 75.45 
40 53.9 55.07 68.26 73.8 78.74 
50 61.2 61.2 73.53 76.96 81.83 
60 62.38 60.56 75.01 76.78 82.37 
90 67.26 62.6 77.99 75.19 82.66 
120 66.59 63.25 80.37 77.56 82.73 
The effect of cooking time 
As can be seen from Table 4.3 and Figure 4.1, as the cooking time increased, the 
production of hexenuronic acid xylan is increased, but the rate of the reaction is not the 
same. The rate of the reaction during the first minutes is observed to be at maximum and 
then decreased slowly. At around 90 minutes and above there is, more or less, no 
change in rate. For a temperature of 155 °C , the kappa number of the solution after 5 
minute of cooking time is found to be 26.74 which is equivalent to 0.16 number of 
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fast due to the drastic change of temperature from 24 °C to 155 °C . Similarly, 
successive increment of 10 °C resulted in an increase of a kappa number of 5 or more for 
samples cooked at 10, 20, 30, 40, and 50 minutes. At 165°C cooking temperature the 
change of cooking time from 5 minute to 10 minute resulted in a change of kappa 
number by 14.83. This is an increase of 38.8 % of the initial kappa number (38.23). A 
change in cooking time from 10 minute to 15 minute resulted in an increase of 5.34 
kappa number. This is a 10 % increase from the former result (53.06 kappa number), and 
a change from 15 to 20 minutes resulted in a change of 3.29 kappa number. A change in 
cooking time from 20 to 30 minutes resulted in a change of 2.95 kappa number. In a 
similar manner, a change from 30 to 40, from 40 to 50, and from 50 to 60 minutes 
resulted in a change of 3.87, 5.27, and 1.48 kappa number respectively. 
It can be easily seen that there is no appreciable change in kappa number relative to 
the time gap between the samples that are cooked for 60, 90, and 120 minutes. At 160 
°C, the rate of formation of hexenuronic acid shows a remarkable difference relative to 
other cooking temperatures. At this temperature, for the first 20 minutes, the rate of 
formation of hexenuronic acid increases rapidly which is demonstrated by the increase in 
the Kmn04 consumption. However, from 20 minutes onwards, the rate becomes very 
slow. Consequently, the difference in kappa numbers becomes very small. That is, for 
the samples that are cooked for few minutes the initial rate of the reaction is observed to 
be high. However, as the time of cooking increases, the rate of the reaction gradually 
decreases reaching a minimum rate in 120 minutes. 
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The Effect of Cooking Temperature 
Temperature has a considerable impact on the generation of hexenuronic acid 
(Table 4.3 and Figure 4.2). The temperature dependence of the reaction is strongly 
pronounced as can be seen from the given data. For samples that have the same 4-0- 
methyl-D-gucurono-D-xylan cooked for 5 minutes, the change of cooking temperature 
from 155°C to 160°C resulted in a change from 26.74 to 35.23 of the kappa number. 
This is an increase in the product concentration by 31.7 %. A change of cooking 
temperature from 160°C to 165°C resulted in a change from 35.299 to 38.23 kappa 
number, i.e. the change is 2.94 kappa number which is an increase by 8 %. Similarly, the 
change of cooking temperature from 165°C to 170°C resulted in a change from 38.23 to 
43.98 kappa number, but for a change of cooking temperature from 170°C to 175°C the 
corresponding change is from 43.98 to 39.96 kappa number. Samples that are cooked for 
10, 15, 20, and 30 minutes, the change of the cooking temperature resulted in a uniform 
increase of the kappa number. That is for samples of the same concentration, as the 
cooking temperature is increased to a higher degree there is a corresponding increase in 
amount of unsaturation. For the samples that are cooked for 90, and 120 minutes the 
change of the amount of hexenuronic acid with a corresponding change of temperature is 
not uniform. This is probably due to either the decomposition of the 4-0 methyl-D- 
glucurono-D- xylan to some other constituents or due to errors that are encountered 
during titration. Generally, the production of hexenuronic acid xylan is observed to be 
temperature dependent. For samples that are cooked for 40 minutes and above there is a 
drastic increase in the amount of hexenuronic acid for a change of cooking temperature 
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from 160°C to 165°C. The sample that is cooked for 40 minutes at 160 °C the kappa 
number is 55.07, but for a sample of the same concentration that is cooked at 165°C, the 
kappa number is observed to be 68.26. That is, there is a 23.95 % increase due to a 
change of 5°C. Similarly for two samples that are cooked for 50 minutes but one at 
160°C and the other at 165°C the corresponding kappa number is 61.2 and 73.53 
respectively, and for two samples that are cooked for lhr, one at 160° c and the other at 
165° C, the corresponding kappa number is 62.60 and 77.99 respectively. For the rest of 
the samples that were cooked for 90 and 120 minutes, there is a similar significant 
increase in the amount of hexenuronic acid in changing the cooking temperature from 
160°C to 165°C. So, 160°C is observed to be a suitable temperature in which the 
generation of hexenuronic acid is minimum relative to higher temperatures. 
The effect of MgS04 on hexenuronic acid formation 
The effect of MgSC>4 on the formation of hexenuronic acid was studied by cooking 
samples with and without MgSC>4 at 170°C. (Table 4.5 and Figure 4.2) 
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Table 4, 5 The effect of MgSÛ4 on hexenuronic acid formation 
Time With out MgS04 With MgS04 
Kappa number Kappa number 
0 0 0 
5 43.98 43.81 
10 57.06 57.06 
20 68.39 68.04 
30 70.66 70.83 
40 73.8 73.81 
50 76.96 77.46 
60 76.78 77.29 
90 75.19 77.29 
120 77.56 77.56 
As can be seen from Table 4.5 and Figure 4.2, MgSC>4 has no effect on the 
formation of hexenuronic acid xylan. The results of the study are within experimental 
error of being equivalent. The elimination of the methoxy group is extremely rapid and 
there is no opportunityto chelate with magnesium to slow the reaction. 
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Figure 4.2 The effect of MgSC>4 on hexenuronic formation 
Acid hydrolysis of kraft pulp 
The quantification of hexenuronic acid groups was based on their selective 
hydrolysis and quantification of the formed furan derivatives by UV spectroscopy. In the 
UV spectra two absorption maxima appeared at 245 and 285 nm, corresponding to 2- 
furoic acid and 5-carboxy-2-furaldehyde, respectively. The molar absorption coefficient 
at 245nm was 8,700 with respect to the hexenuronic acid in the hexenuronoxylo- 
oligosacharides. This absorption coefficient was used in all further analysis of pulps. 
During acid hydrolysis, the hexenuronic acid groups are quantitatively converted to 2- 
furoic acid plus formic acid and 5-carboxy -2-furaldehyde. Based on this background, a 
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kappa number analysis was done after the mild hydrolysis of the Alabama hardwood 
kraft pulp. 
The Effect of the Temperature of Hydrolysis on the Kappa Number of the Pulp 
From Table 4.6 and Figure 4.3 for Kraft pulp samples that are acid hydrolyzed for 
one hour the decrease in the kappa number at a 100°C temperature is large relative to that 
of 70, 80, and 90°C . Especially, at pH levels of 1.0 and 2.0 the amount of hexenuronic 
acid removed at 100°C is large in comparison to the result found at 90°C. The decrease 
in the kappa number due to the increment of 10°C is observed from pH 1.0 up to pH 4.0. 
However, as the pH of the pulp suspension increases there is no substantial change in the 
kappa number due to a change in temperature. This shows that the hydrolyzation of 
hexenuronic acid is favored at lower pH. However as the hydronium ion concentration 
increases the dissolution of other carbohydrates will 
Table 4. 6 Kappa number of the Kraft pulp after one hour of hydrolysis 
pH 70°C 80°C 90°C 100°C 
1 12.2 11.5 8.5 
2 12.6 11.6 10 
3 13.4 12.7 11.7 11.4 
4 13.5 12.8 12.5 12.5 
5 13.7 12.8 13.6 13.6 
5.5 13.7 13.2 13.6 13.6 
6 13.8 13.3 13.5 13.6 
6.5 13.7 13 13.2 13.6 
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pH 
Figure 4.3 The effect of hydrolysis temperature on the pulp (1 hour) 
be favored. Thus, one must choose an optimum temperature and pH, which selectively 
hydrolyzes hexenuronic acid. The pH levels between 2.0 and 4.0 are favorable 








Table 4.7 Kappa number of the Kraft pulp after two hour of hydrolysis 
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pH 70°C 80°C 90 °C 100°C 
1 10.2 10.2 8.1 
2 11.8 11 9.3 
3 13.3 12 11.3 9.8 
4 13.5 12.8 12.3 12.2 
5 13.5 12.8 13.4 13 
5.5 13.5 13.1 12.8 13 
6 13.6 13.1 13.1 13.3 
6.5 13.6 13.1 13.6 13.4 
Figure 4.4 The effect of hydrolysis temperature on the pulp (2 hour) 
T 
The Effect of Change of Hydrolysis Time 
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From Table 4.6 and Table 4.7 and their corresponding figures, at pH 3 and below, 
there is a considerable decrease of hexenuronic acid content at 80, 90 and 100°C 
hydrolysis temperature. As the pH of the pulp is increased, the removal hexenuronic acid 
is diminished. As the pH of the pulp suspension is increased, the removal of hexenuronic 
acid is small. The pulp which is treated at pH 6.50 consumed almost as equal number of 
equivalents as the pulps which are treated at pH 5.0, 5.5, and 6.0. The lower kappa 
number of all pulps treated at different pH relative to the untreated pulp indicates that 
some of the remaining lignin after kraft cooking has been removed during the process 
which can also be observed by UV measurement. The results of the experiment also 
show as the time of soaking the pulp suspension in the water bath increase there is a 
slight decrease in hexenuronic acid. At lower pH, there is a considerable decrease of 
hexenuronic acid content at 80°C relative to 70°C. Especially, for the pulp treated at pH 
1 for 2 hours, there is a large decrease in kappa number. However, pulps that are treated 
at pH 4 and above show a smaller decrease in hexenuronic acid content. So, for pulps 
treated at lower pH, as the time hydrolysis increased from 1 to 2 hours, large amount of 
hexenuronic acid is removed in the form of furoic acid and furaldehyde. This is observed 



















Figure 4.5 Mild hydrolysis of hard wood kraft pulp(at 70° C) 
Figure 4.6 Mild hydrolysis of hard wood kraft pulp(at 80° C) 
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The Concentration of Furoic Acid 
Hexenuronic acid concentration is determined more accurately by measuring furoic 
acid content using UV-VIS spectrometry following mild acid hydrolysis of the pulp. This 
method has proven to be more applicable in correlating the apparent kappa number of the 
pulp and the kappa number increase due to hexenuronic acid.46 Furoic acid 
concentrations are measured for pulps that are treated at various pH levels for periods of 
one hour and two hours. The hydrolysis temperature used was 70°C, 80 °C , 90 °C and 
100 °C. For pulps acid hydrolyzed for one hour, the following data was obtained. (Table 
4.8 and Figure 4.7). 
Table 4.8 The concentration of furoic acid 
(1 hour hydrolysis) 
pH Molarity (xlCT4) 
80°C 90°C 100°C 
1 8.45 7.41 15.70 
2 3.20 7.08 12.70 
3 2.38 3.79 11.20 
4 2.00 1.75 5.70 
5 1.11 1.38 1.68 
5.5 0.97 1.34 1.43 
6 1.17 1.20 1.74 
6.5 1.32 1.84 3.27 
As can be seen from Table 4.8 and figure 4.7, at pH 1, the concentration of furoic 










also results in an increase in furoic acid concentration. This means that for better 
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removal of hexenuronic acid the pH of the pulp suspension must be low. However, this 
condition affects adversely the pulp strength and quality. This is due to, at lower pH 
Furoic acid content (1 hour) 
Figure 4.7 The concentration of furoic acid ( 1 hour hydrolysis) 
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( e.g. pH 1), the dissolution of other carbohydrates will also be facilitated. This can be 
observed from the viscosity of the pulp which happens to decrease due to 
depolymerization of the carbohydrate. The viscosity of the pulp together with the 
measurement of the carbohydrate units dissolved from the hydrolysis liquor gives an 
insight into what is happening. Nevertheless, from pH 2 to 4, the dissolution of the 
Table 4.9 The viscosity of the Kraft pulp after mild hydrolysis (lhour) 
Temp 70°C 80 °C 90°C 100°C 
pH 
1.0 18.4 16.5 15.2 14.3 
2.0 29.0 27.8 18.6 16.7 
3.0 35.0 29.0 24.8 24.7 
4.0 39.4 35.0 27.0 24.8 
5.0 37.5 35.1 25.1 34.8 
5.5 39.0 36.0 27.7 34.9 
6.0 42.8 31.8 28.3 34.2 
6.5 41.3 38.8 32.0 32.6 
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Table 4.10 The viscosity of the Kraft pulp after mild hydrolysis 
(2 hour) 
Temp 70°C 80 °C 90°C 100°C 
pH 
1.0 15.4 14.2 14.8 12.3 
2.0 25.0 22.5 28.7 23.2 
3.0 37.7 26.2 25.9 31.5 
4.0 31.4 32.2 24.4 32.1 
5.0 33.5 32.8 31.2 32.5 
5.5 34.1 29.4 26.6 33.1 
6.0 37.0 33.2 30.3 33.0 
6.5 34.0 33.0 36.0 33.4 
cellulose is minimal and the removal of hexenuronic acids is considerable. The 
concentration of furoic acid is also dependent on temperature. There is a corresponding 
increase in furoic acid concentration for an increase by 10 °C. The largest increase was 
observed at 100 °C. At temperatures lower than 80 °C, there was little or no furoic acid. 
Therefore trying to hydrolize at 70 °C or lower can only affect the pulp adversely by 
dissolving carbohydrates. Pulps that are acid hydrolyzed for two hours generally result 
in higher concentration of furoic acid relative to the pulps treated for one hour. The 
hexenuronic acids are acid hydrolyzed completely to furoic acid and furaldehyde. 
Table-4.11 The concentration of fiiroic acid 
(2 hour hydrolysis) 
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pH Molarity (xlO'4) 
80° C 90°C 100°C 
1 9.20 11.10 16.10 
2 6.07 9.16 15.70 
3 4.57 7.19 15.70 
4 3.72 2.80 5.00 
5 2.22 1.50 2.04 
5.5 1.47 1.74 1.59 
6 1.21 1.75 1.79 
At 100°C, there was no apparent increase in concentration of furoic acid starting from pH 
3 to pH 1. At higher pH, there is a slight apparent increase of furoic acid. This is due to 
lignin which absorbs at 245 nm at higher pH levels. 
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Furoic acid content (2 hour) 
Figure 4.8 The concentration of furoic acid (2 hour hydrolysis) 
The Effect of O? Delignification and Mild Hydrolysis 
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The kappa number and viscosity of the untreated Kraft pulp is 15.3 and 31.2 
respectively. After O2 delignification, its kappa number is lowered to 8.6 and its 
viscosity has also lowered to 22.0 (Stage 1). Mild acid hydrolysis of the O2 delignified 
Kraft pulp resulted in a kappa number of 4.6 and viscosity of 16.1. This effect was 
observed through all stages. From Figure 4.9, it can be seen that the decrease in kappa 
number also resulted in a decrease of viscosity. 
The effect o2 delignification and mild hydrolysis on the pulp 
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stage 
Figure 4.9 The_effect of mild acid hydrolysis followed O2 delignification 
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Even though viscosity has no direct relation ship with kappa number one can say that for 
the pulps that are treated at similar conditions, lower viscosity implies weaker pulp 
strength. The second Kraft pulp sample was first acid hydrolyzed. O2 delignified and 
then acid hydrolyzed again. The results show a trend similar to that discussed 
previously. 





Figure 4.10 The effect of Oo delignification followed mild acid hydrolysis 
Metal Content of the Pub 
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The metal content of the pulp is measured using inductively coupled plasma. The 
result are tabulated below. 
Table 4.12 The metal content of the kraft pulp 
V^- 
Sample 
Stage Na K Ca Mg Mn Fe 
Untreated 
pulp 
648 121 3960 373 100 24.0 
1 670 17.7 3390 248 78.4 35.0 
2 30.0 14.0 807 31.7 10.0 18.8 
3 517 15.8 710 22.7 6.60 29.9 
4 35.5 9.15 173 9.04 1.16 23.6 
2nd 
Sample 
1A 15.7 <5.3 721 28.3 8.95 17.9 
2A 685 9.60 578 18.9 3.92 18.4 
3A 39.2 <5.4 158 3.70 0.70 11.2 
From the results, it can be observed that the amounts of heavy metals are greatly 
decreased after mild hydrolysis relative to the amounts after O2 delignification. Oxygen 
pre bleaching, ozone delignification, and hydrogen peroxide bleaching are affected by 
the presence of transition metals. These heavy metals catalyse the decomposition of 
peroxides and ozone which adversely affect the physical property of the pulps.47 The 
pulp polysaccharides are attacked by radicals generated hydro peroxides during 
bleaching. This effect can be partly inhibited by the presence of magnesium salts 




Glucose Xylose Galactose Arabinose Mannose 
1 84.2 303.0 7.1 4.4 nd 
2 11.81 13.2 nd 3.0 nd 
3 10.0 40.2 bql bql bql 
2nd sample Glucose Xylose Galactose Arabinose Mannose 
1A 43.8 7.5 nd nd nd 
2A 78.1 83.2 7.6 10.8 nd 
3A 7.7 57.9 1.2 nd nd 
nd = not detected 
bql = below quantification limit 
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capable of deactivating the heavy metals. So, mild acid hydrolysis not only removes 
hexenuronic acid but also enables to control the amount oftransition metals. 
Hardwood pulps contain mainly Glucose and Xylose. Table 4.13 shows that there 
is little or no Galactose in the liquor which supports the absence of Galactose in 
hardwoods. Similarly, there is no detectable amount of Mannose which is found in 
higher amount in softwoods. From the above result it can be seen that oxygen 
delignification resulted in a greater loss of glucose and Xylose relative to mild 
hydrolysis. If one compares the degradation of glucose in the initial step of oxygen 
delignification stage 1 and acid mild hydrolysis stage 1 A, he finds that 84.2mg is lost in 
stage 1 and only 43.8mg is lost per litter of the aliquot. Similarly, 303mg is degraded 
due to oxygen delignification compared to 7.5mg of mild acid hydrolysis. Thus, mild 
acid hydrolysis of hexenuronic acid is found to be more effective for it selectively 
removes hexenuronic acid. Moreover, there was no furoic acid formed after oxygen 
delignification. However, the same amount of furoic acid formed in stage 2 and stage 1 A. 
This shows that oxygen delignification has no effect on the amount of hexenuronic acid 
of kraft pulp. 
CHAPTER 5 
CONCLUSION 
The production of Hexenuronic acid xylan increases as the cooking time increases. 
The rate of the reaction is fast during the first 30 minutes, but gradually decreases to an 
extent where there is no appreciable increase in production. (Especially, for samples that 
are cooked for 50 minutes and above). The production of Hexenuronic acid was found to 
be temperature dependent, i.e. The amount of unsaturation is greatly influenced by 
cooking temperature. As the cooking temperature changes from lower to higher 
temperatures the rate of the reaction increases and the amount of the product increases. 
There is a drastic increase in the amount of unsaturation for samples that are cooked at 
165 °C compared to that of the samples that are cooked at 160°C, but for those at 170°C, 
and 175°C there is no such drastic change in the amount of the product. This 
observation leads to the fact that 160°C is the optimum temperature that minimizes the 
production of hexenuronic acid. At the same time, the delignification process can take 
place at this temperature in a good condition. The temperature of hydrolysis has greater 
impact on the hydrolysis of hexenuronic acid in the pulps at a pH level of 4.0 or lower. 
That is, for every 10° C increase, there is an appreciable decrease in the kappa number of 
the pulp. The increase in temperature has little or no effect for pulps that are treated at 
pH level of 5.0 and above. Pulps that are treated at lower pH show greater loss of 
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hexenuronic acid which is manifested by the drastic lowering of the kappa number of the 
corresponding pulp. At higher pH, hexenuronic acid is unaffected. Moreover, O2 
delignification of the Kraft pulp results in a greater decrease of the kappa number. This 
is because of the removal of the lignin that was in the pulp after Kraft pulping. 
Mild acid hydrolysis of the pulp (hydrolysis between pH 2.0 &4.0) will selectively 
remove hexenuronic acid. The drastic decrease in viscosity after each delignification and 
mild hydrolysis steps might be an indicative of the loss of some other pulp constituent. 
REFERENCES 
1. Former, R. H: Chemistry in the utilization of wood, penganon press. (1967) 9, 
17-18 
2. Chemistry and Biochemistry, Vol. 1A, 2nd ed., Academic Press, Orlando, 1972, 
279 
3. Wise, L. E.: Wood Chem., Reinhold NY (1952) chap 28-34 
4. E. F. Kurth and G. J. Ritter, J. Am. Chem. Soc., 56, 2720 (1934). 
5. G. J. Ritter and E. F. Kurth, Ind. Eng. Chem., 25, 1250 (1933). 
6. W. G. Van Beckum and G. J. Ritter, Paper Trade J., 105, No. 18, 127 (1937). 
7. Browning B. L.: chemistry of wood (1963) 629 
8. D. W. Clayton, Sven. Papperstidn., 66 (1963) 115-124 
9. Lange, P. W„ Svensk Papperstidn., 47, 262 (1944): 48, 241 (1945) 
10. Ritchie, P. F., and C. B. Purves, Pulp Paper Mag. Can., 48, No. 12, 74, (1947); W. 
J. Wald, P. F. Ritchie, and C. B. Purves, J. Am. Chem. Soc., 69, 1371 (1947). 
11. Phillips, M., J. Am. Chem. Soc., 54 1518 (1932); M. Phillips and M. J. 
Goss, Ind. Eng. Chem., 24, 1436 (1932) 
12. Sjotrom, E., Wood chemistry, Fundamentals and Applications, Academic press, 
NY. 2nd Edition, 1993. 
13. Browning B. L., chemistry of wood (1963) 69 
53 
54 
14. Former, R. H: Chemistry in the utilization of wood, penganon press. (1967) 9, 
149 
15. Bray, M. W., J. S. Martin, and S. L. Schwartz, Paper Trade J., 105, No. 24, 39 
(1937). 
16. Schwartz, S. L., and M. W. Bray, Paper Trade J., 107, No.12, 24 (1938) 
17. Bray, M. W., and J. S. Martin, Paper Trade J., 113, 35 (1941). 
18. Jayme, G., and L. Rothamel, Cellulosechemie, 22, No. 3, 88(1944). 
19. Sjotrom E., Wood chemistry, Fundamentals and Application, Academic press, 
NY. 2nd Edition, 1993, P125. 
20. Timell, T. E., Glaudemans, C. P. J., and gillban, J. K.: Pulp Paper Mag. Can. 
59 (1958) 224 
21. Aspinall, G. O., Advances in Carbohydrate Chem. 14 (1959) 429. 
22. Hirst, E. L., Proc. Roy. Soc. 252A (1959) 287 
23. Chanda, S. K., Hirst, E. L. Jones, J. K. N., and Percival, E. G. V.: J. Chem. Soc. 
(1950) 2600 
24. Savur, G. R„ J. Chem. Soc. (1956) 2600. 
25. Jones, J. K. N., and Painter, T.J., J. Chem. Soc (1959) 573 
26. Adams, G. A., Can. J. Chem. 35 (1957) 556. 
27. Dutton, G. G. S., and Unran, A. M., Can. J. Chem. 40 (1962) 348. 
28. Glaudemans, C. P. J., and Timell, T. E., J. Am. Chem. Soc. 80 (1958) 1209. 
29. Jones, J. K. N., Purves, C. B., and Timell, T. E., Can. J. Chem. 39 91961) 1059. 
30. Hamilton, J. K., and Thompson, N. S., Pulp Paper Mag. Can. 61 (1960) T-263. 
31. TAPPI 1984, T236 CM85 
32. TAPPI 1992, T236 CM85 
33. Croon and B. Enstrom, Tappi, 44(1961) 870-874. 
55 
35. Nelson E. R., Nelson, P. F. and Samuelson, O. Acta Chem. Scand., 22(1968) 
691-693. 
36. Whistler, R. L., and BeMiller, J. N., Carbohydr, Adv., Chem., 13(1958)313-315. 
37. Clayton, D. W., Papperstidn., Sv 66(1963) 115-124. 
38. Shimizv, K., Wood Kcellulusic Chemistry, Dekker, NY 1991 PP 177-214 
39. Simkovic, J., Alfoldi, J., and Matulova, M., Carbohydr. Res., 152(1986) 
137-141. 
40. Teleman, A., Harjunpaa., V., Tenkanen, M. buchert, J. Hausalo, T., 
T. drakenberg, and T. Vuorinen, Carbohydr. Res., 272 (1995) 55-71. 
41. Shimizu, K., Carbohydr. Res., 92 (1981) 219-224. 
42. Teleman,A., Hausalo,T., Tenkanen,M,.and vuorinen,T., carbohy.res. 
280(1996)197-208 
43. Teleman,A.,Hausalo, T.,Tenkanen, M,.and vuorinen,T., International pulp 
bleaching conference., (1996)43-51 
44. Overend, W. G. In: Pigman, W. and Horton, D. (Eds.), The Carbohydrates, 
45. Carey, F. A, Adv. Organic chem. NY (1990) 
46. 1996 International Pulp Bleaching Conference /45 
47. Anderson, J. R. in Pulp Bleaching-Principles and Practice. Atlanta: TAPPi 
Press, 411-442(1996). 
